Abstract -Membranes of blood cells have an asymmetric bilayer distribution of phospholipid classes. In both erythrocytes and platelet plasma membranes the choline containing phospholipids (sphingomyelin and phosphatidylcholine) are preferentially located in the outer half of the membrane, whereas a large fraction of phosphatidylethanolamine and nearly all phosphatidylserine are confined to the cytoplasmic surface. The rationale of this phospholipid topology appears to be related to the function of phospholipids in blood coagulation. An abnormal phospholipid distribution in sickle cells appears to be accompanied by a clot-promoting activity.
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Native phosphatidylcholine molecules of erythrocytes can be replaced by defined synthetic species during incubation of intact cells with artificial phospholipid bilayers in the presence of a specific phosphatidylcholine transfer protein.
All of the phosphatidylcholine present in the outer layer can be replaced by (1-palmitoyl-2-oleoyl)phosphatidylcholine without causing significant changes in membrane stability and permeability. However, an induced increase of disaturated species or introduction of dipoly-unsaturated phosphatidylcholine molecules modified drastically various membrane properties. This approach appears to give new information about the relation between chemical structure and membrane function of phospholipids.
Earlier studies indicated that a phosphatidylcholine transfer protein contains a specific phospholipid binding site. The primary structure of the protein was elucidated and based on the predicted secondary structural elements a tentative folding model of the protein was proposed. Experiments with photoactivable phospholipid analogs allowed to identify the amino acid residues of the lipid binding site and gave information about the localization of the phosphatidylcholine molecule within the transfer protein.
PHOSPHOLIPID ASYMMETRY OF BLOOD CELLS
The erythrocyte membrane is probably one of the most widely studied biological membranes and has served in many respects as a stimulating model (Ref. 1) . The total lipid content of the erythrocyte constitutes about 40% of its dry weight, and in molecular ratios consists of about equal parts of cholesterol (40%) and polar lipids, e.g. phospholipids (50%) and glycolipids (10%). The major phospholipids are sphingomyelin, phosphatidylcholine, phosphatidylethanolamine and phosphatidylserine (Fig. 1) . The sum of the two cholinecontaining phospholipids (sphingomyelin and phosphatidylcholine) is always 50-60% of the total phospholipid fraction, but their relative contents vary considerably in erythrocytes from different animal species (Ref. 2) . The most extreme situation is found in erythrocytes from ruminants in which most, if not all, of the choline-phospholipids appears to be sphingomyelin. During the past decade several laboratories have established the topological distribution of these phospholipid classes in the erythrocyte membrane. It is generally accepted that in this membrane the lipids are arranged in a bimolecular leaflet to which peripheral proteins are attached via polar interactions and which is interrupted to allow hydrophobic interactions with integral membrane proteins embedded in or spanning the Filayer. The distribution L. L. M. VAN DEENEN et a. of phospholipids over the outer and inner layer of the membrane has been studied mainly by chemical labeling, enzymatic modification with phospholipases and through the use of exchange (or transfer) proteins (Fig. 2) . In principle the approach is simple, namely a comparison of the action of these tools on intact cells and open membranes (ghosts) , but many pitfalls can be made. In order to obtain unambiguous results the complete action of the impermeable probe should not disrupt the membrane structure and not cause phospholipid redistribution. Furthermore, the intrinsic transbilayer movement of phospholipids has to be a low order of magnitude. Because it is difficult to meet all prerequisites the information about phospholipid topology of many biomembranes is either incomplete or contradictory. However, the sidedness of erythrocyte membrane phospholipids has been detected in independent studies in several laboratories involving chemical labels, pure phospholipases and phospholipid exchange proteins, and the overall view is consistent (Ref.
3). Studies performed in this laboratory used the combined action of a phospholipase A2, which enzyme catalyzes the hydrolysis of the fatty acid ester linkage at the sn-2-position of the phosphoglycerides, and a sphingomyelinase which cleaves its substrate into ceramide and phosphorylcholine. Treatment of open membranes with these enzymes gives a complete hydrolysis of all phospholipid present. When intact cells are reacted with the particular phospholipases no lysis of the cells occurs and only those phospholipids present in the exterior half of the bilayer are available for reaction. In the human erythrocyte membrane 75% of the phosphatidylcholine and 80% of the sphingomyelin is found in the outer monolayer whereas 80% of the phosphatidylethanolamine and all of the phosphatidylserine is located in the. inner monolayer of the membrane (Fig. 3 ). In the erythrocyte membrane transbilayer movement of phospholipids (flip'-flop) is a rather slow process and does not interfere with the enzymatic determination of phospholipid topology as can happen in other membranes (Ref. 4) . Furthermore, it was demonstrated that the gross membrane organization is preserved after phospholipase action on erythrocytes. 31P NMR studies on model systems of pure lipids have demonstrated the possibility to detect the occurrence of bilayer, hexagonal and micellar orientations of phospholipids and this technique could be applied successfully to biological membranes (Ref. 5). The erythrocyte membrane exhibits 31P NMR spectra which are consistent with the vast majority of the phospholipid being in the bilayer configuration (Fig. 4) . After treatment of intact cells with phospholipase A2 and sphingomyelinase the spectra revealed that the residual phospholipids and monoacyl-phosphoglycerides remain organized in a bilayer arrangement (Ref. 6). Even after complete enzymatic degradation of the phospholipids in erythrocyte ghosts no signal was observed indicating isotropic 31P motion despite the fact that the hydrolysis products (monoacyl-phosphoglycerides and fatty acids) individually associate in solution in micelles. In this context it is important to note that in combination equimolar amounts With regard to the biological significance of the phospholipid asymmetry it is of interest to note that in the plasma membrane of platelets a pattern was detected which is comparable to the distribution found in red cells (Fig. 3) . The choline-containing phospholipids, particularly sphingomyelin, are located in the outer layer whereas a large fraction of phosphatidylethanolamine and practically all negatively charged phospholipids -phosphatidylserine and phosphatidylinositol -are confined to the cytoplasmic surface of the membrane (Ref. 10 ). It appears likely that the asymmetric arrangement of phospholipids in blood cells is related to blood coagulation. The participation of phospholipids in blood coagulation has been appreciated for many years and in the past two decades their involvement in the coagulation cascade has been defined rather precisely (for a review compare Ref. 11). The main function of phospholipids in blood coagulation is to provide an interface on which various protein factors interact, thus increasing their local interaction. For example, the conversion of prothrombin into thrombin which requires two other proteins (factor Xa and V) and Ca is strongly catalyzed by a phospholipid interface (Fig. 5) . The clot-promoting activity of the phospholipid layer is dependent on a particular negative surface charge, which can be provided by certain concentrations of negatively charged phospholipids such as phosphatidylserine.
Taking into consideration the localization of phosphatidylserine at the cytoplasmic side of the erythrocyte membrane ( Fig. 3) , it is not surprising that intact erythrocytes lack proagulant activity (Ref. 12). Therefore it is interesting to note that as early as 1886 Wooldridge (13) reported that membrane fragments of erythrocytes produced intravascular clotting, an observation confirmed later by other investigators (Ref. 12). Zwaal et al. (14) showed that the clotting time of plasma is not reduced when the outside of the erythrocyte membrane is exposed, but exposure of the .cytoplasmic surface catalyzes blood coagulation. Lipid vesicles prepared from a phospholipid mixture of which the composition is similar to that of the inner layer of the erythrocyte or platelet membrane appeared to be clot-promoting, whereas vesicles simulating the lipid composition of the outer surface of these cells were remarkably inert in coagulation systems. Apparently, the phospholipid asymmetry in blood cell membranes is constructed so as to avoid thrombosis. However, platelets can be activated by a number of stimulants to become more active in coagulation. Recently, Bevers et al. (15) demonstrated that a generation of prothrornbinconverting activity at the outer surface of platelets by the combined action of collagen and thrombin is accompanied by an exposure of a significant fraction of phosphatidylserine at the outside of the membrane. This increase in the concentration of the negatively charged phospholipid in the outer membrane Recently, observations were made on an abnormal phospholipid asymmetry in sickle cell disease which may be related to the painful crises in these patients caused by blockage of blood flow. Using phospholipases to determine the phospholipid topology Lubin et al. (16) found that oxygenated reversibly sickled cells have a phospholipid asymmetry identical to that in normal erythrocytes with all of the phosphatidylserine located on the cytoplasmic layer (Fig. 6) . In contrast the distribution of phosphoglycerides within the membrane of irreversibly sickled cells and deoxygenated reversibly sickled cells appears to be quite different from that in non-sickled cells. Compared with the biconcave shaped erythrocyte the outer membrane leaflet of the sickle cells is enriched in phosphatidylethanolamine and contains substantial quantities of phosphatidylserine which is normally confined to the inner lipid membrane layer. The distribution of sphingomyelin over the two halves of the bilayer appears not to be affected significantly by sickling. In irreversibly sickled cells the phospholipid asymmetry was abnormal under both oxy-and deoxy conditions but reoxygenation of the reversible sickled cells restored the transbilayer distribution of phospholipid to the normal pattern (Fig. 6 ). Because phosphatidylserine plays an important role in the catalytic surface for the binding of blood coagulation factors Chiu et al. (17) studied the effect of sickling on in vitro coagulation. Sickled cells appeared to shorten the clotting time, whereas no effect on coagulation is observed when reversibly sickled cells attain the normal shape after reoxygenation (Fig. 6 ). Inasmuch as liposomes with identical composition to the outer leaflet of either biconcave or sickled cells produced similar effects it was concluded that reduction of the clotting time is caused by the appearance of the negatively charged phosphatidylserine at the cell surface. Therefore, it has been argued that not only the shape of sickle cells may block blood flow in capillaries, but that also the abnormal phospholipid asymmetry may have a thrombotic effect and thus contribute to the pathogenesis of the vaso-occlusive episode in sickle cell anaemia.
REPLACEMENT OF PHOSPHATIDYLCHOLINE SPECIES IN THE ERYTHROCYTE MEMBRANE
Each of the individual phospholipid classes of the erythrocyte membrane represents in chemical terms a group of components containing different fatty acid constituents which vary in chain length and number of unsaturated bonds. A phospholipid such as phosphatidylcholine contains a number of fatty acid constituents which are not randomly combined (Fig. 7) species of the mixed-acid type containing a saturated and an unsaturated chain at the sn-i-and 2-pdsitions, respectively. Among the disaturated species the components containing at least one mono-unsaturated chain are present, but species containing two poly-unsaturated fatty acyl residues are not detectable. Despite the highly asymmetric localization of phosphatidylcholine in this membrane the molecular species appear to be randomly distributed over both parts 21) phosphatidylcholine from intact rat erythrocytes was replaced by a number of synthetic species and under the chosen conditions neither the total lipid content nor the phospholipidcholesterol ratio or the ratio of different phospholipid classes was found to be altered. In this respect it is important that the donor system has a phosphatidylcholine-cholesterol ratio which is equal to that of the erythrocyte membrane. Under the chosen conditions the only variation induced in the erythrocyte membrane concerhed the increase of the relative content of the one particular phosphatidylcholine speóies provided by the donor system. The increase in the content of this species appears to be compensated for by a loss at random of other molecular species with different fatty acid combinations. It was observed that with progression of phosphatidylcholine exchange considerable morphological changes could occur, leading finally to cell lysis. Furthermore, it appeared that the onset of hemolysis occurred at different degrees of exchange characteristic for the type of phosphatidylcholine species employed. Using human erythrocytes current experiments of Kuypers confirmed and extended the earlier observations. a. Incorporatioi of disaturated phosphatidylcholine. Incubation of human erythrocytes at 37 C with phosphatidylcholine-exchange protein and vesicles containing cholesterol and dipalmitoylglycerophosphocholine (Fig. 8) resulted in a progressive incorporation of this saturated phosphatidylcholine. This species
LGgqT7 rlJcoLboLgçeq ruço cpe LG C6TT IUGILJpLLJ6t pric LeqA cer. rucLoqrc- tion of some 5% of this component the red cells displayed both an increase in osmotic fragility and a leakage of potassium ions. Replacement of more phosphatidylcholine induced a further increase in potassium leak, and osmotic fragility; after introduction of some 40% of the dipoly-unsaturated species a complete lysis of the entire cell population resulted. These results demonstrate that the properties of this unnatural species are disruptive for the barrier function of the biomembrane. These observations indicate that the transfer protein contains a specific binding site for phosphatidylcholine which involves both electrostatic and hydrophobic association. In order to obtain more information on the lipid binding site and the mode of action of the protein the amino acid sequence was determined, and the locus of interaction between protein and photosensitive precursors of phosphatidyicholine was investigated. Moonen et al. (32) and Akeroyd et al. (33) elucidated the primary structure of the phosphatidylcholine transfer protein from bovine liver. This protein consists of a single polypeptide chain of 213 amino acid residues, contains two disulfide bonds at Cys17-Cys63 and Cys93-Cys207 and has an acetyl methonine residue as a blocked N-terminus (Fig. 10) . Examination of the structure reveals that a number of hydrophobic peptide regions are present, of which the most prominent are Val98-Val-Tyr-Trp-Gln-Val1 03, Val1 71-Phe-Met-Tyr-Tyr-Phe1 76 and Trp180-Val-Ile-Asn-Trp-Ala-Ala192. Particular peptide segments may be involved in the interaction of the protein with the membrane and the incorporation of a phosphatidyicholine molecule. The binding of the lipid molecule implies that a transient protein-membrane complex is formed in which it is energetically favourable for phosphatidyicholine to leave the hydrophobic environment of the bilayer. The transfer protein may have a tertiary structure with some unique features but to date X-ray crystallography was not feasible. A speculative model of the folding of the protein was developed which is based on the prediction of the secondary structural elements and the hydrophobicity profile. The shelix, strand and 8 turn structures in the phosphatidylcholine transfer protein were derived by the method of Chou and Fasmann (34) and the method of Lim (35); both approaches yielded results that agreed rather well. The hydrophobicity profile was derived from the primary structure by the methods of Rose (36). Details of these predictions have been recently presented (Ref. 37). Furthermore, the method of Manavalan and Ponnuswamy (38) was applied and gave confirmative and additional information about the distribution of hydrophobic maxima and minima along the peptide chain. Using this information a working model was proposed which is illustrated in Fig. 11 . Following several general concepts about folding of proteins, the tentative model of the transfer protein incorporates a close packing by the (Fig. 12) .
occurrence of antiparallel sheets and the occurrence of helix-helix interactions. Hydrophobic structures are primarily located in the core of the model but a number of segments are tentatively placed at the surface of the protein because of their amphiphilic nature. Inasmuch as reduction of the disulfide bridges abolishes transfer activity it is important to note that the bond at Cys17-Cys63 restricts the arrangement of the secondary structure at the N-terminus; the bond at Cys93-Cys29' may be important for the alignment of the hydrophobic and amphiphilic strand at position 97-105 close to the sheets residues 170-190. In order to localize the lipid binding site of the transfer protein, two types of photosensitive phospatidylcholine derivatives have been used (Fig. 12) . . These preliminary studies were carried out at a time that the determination of the primary structure of the protein had not been fully Fig, 13 completed. It was obvious, however, that a region of attachment of the photosensitive nitrene and carbene precursor of phosphatidylcholine was located at or near a hydrophobic cluster of amino acids Val-Phe-Met-Tyr-Tyr-Phe, now known to occupy position 171-176 (Fig. 10) . Recently, a more detailed study on the lipid binding site was made in collaboration with H.G. Khorana and R. Radhakrishnan using two phosphatidylcholine analogs which carry a diazirinophenoxy group linked to the w-carbon of either the sn-2-[l-14C]hexanoyl or sn-2-{l-1C]undecanoyl chain (Fig. 12) . About 30-40% of the incorporated carbene-generating phospholipids appeared to be covalently bound to the protein after photolysis. After chemical and enzymatic degradation of the complex the 1C-labeled peptides were sequenced by automated Edman degradation (Ref. 42). Major sites of coupling shown by release of radioactivity were identified as Tyr5 and the peptide segment Va1171-PheMet-Tyr--Tyr-Phe-Asp177 (Fig. 13) . This peptide segment has a high content of aromatic amino acid residues and presents the most apolar region of the transfer protein (average hydrophobicity of 2440 calories per residue) . The analysis of the secondary structure predicted a strand structure for the segment Lys170-Phe176 with turns on either side (Ref. 37). The heptapeptide Lys'70-Phe176 has an estimated length of 14 which could accommodate the 2-fatty acyl chain of the endogenous phosphatidylcholine molecule located within the transfer protein. Interesting differences were observed in the pattern of coupling of the segment Va11''-Asp177 depending on the chain length of the photoreactive acyl constituent of the phospholipid prbe. It turned out that coupling occurredpreferentially to Tyr175 and Asp'77 with the sn-2-[l-1C]hexanoyl-containing analog, while Val171 and Met173 were labeled preferentially with the derivative-containing the sn-2-l-1C undecanoyl chain (Fig. 13 ) . This shift in coupling is compatible with an increase in the length of the sn-2'-fatty acyl chain with 5 carbon atoms (i.e. 6 ) , assuming that the segment Va1171-Asp177 has adopted the strand configuration. These results suggest that the phosphatidylcholine molecule has a particular orientation at the lipid binding site with a preference of the 2-sn-fatty acyl chain for one phase of the strand. Future experiments with phosphatidylcholine probes carrying the photosensitive group at the sn-i-fatty acyl chain are needed to identify possible other segments involved in the lipid binding. In addition to the sites of coupling within the Va1171-Asp177 segment both photoactivable carbene precursors caused extensive coupling to Tyr54. In spite of the variation in acyl chain length of the phospholipid analogs only Tyr54 and none of its neighbouring amino acid residues was labeled. On the other hand the analog with a sn-2-hexanoyl chain was coupled to Tyr5 more extensively than the derivative with a sn-2-undecanoyl chain, viz. 90% and 50% of the total label, respectively. This leaves the question whether Tyr5 is indeed part of the actual binding site. In this respect it is of interest to note that Aiceroyd (43) observed that a lactoperoxidase-catalyzed iodination of the transfer protein does not iodinate Tyr174 and Tyr175 in the binding site but gives a reaction with Tyr5. This observation endorsed again the view that part of the binding site (Va1171-Asp177) is well-shielded from the environment and that Tyr5 is probably more oriented at the surface of the protein.
Although further investigations are needed to elucidate more details of the lipid binding site of the transfer protein, the available results illustrate that photosensitive derivatives of phospholipids are useful tools to study protein-lipid interaction at the molecular level. 
